Less massive galaxies form stars at later epochs. This downsizing of galaxy formation is explained by gravitational processes alone, in the framework of bottom-up scenario where galaxies evolve from subgalactic structures. Within a region that is destined to evolve into a less massive galaxy, subgalactic-scale fluctuation is of a smaller amplitude. The formation of subgalactic structures, i.e., gravitational collapse of the subgalactic-scale fluctuation, and the subsequent onset of star formation accordingly occur at later epochs for a less massive galaxy.
INTRODUCTION
For the formation of gravitationally bound objects such as galaxies, the current paradigm is bottom-up formation based on the cold dark matter model. The cold dark matter induces significant small-scale fluctuation in the initial field. Since the first objects originate in gravitational collapse of the initial fluctuation, they are not so massive. They merge with one another via gravitational clustering in a hierarchy, evolving successively into more massive objects.
The bottom-up scenario has been successful in explaining observations for galaxy formation and evolution, but there is an exception. Regardless of the environment, at any redshift, less massive galaxies contain younger stellar populations. Thus, less massive galaxies form stars at later epochs. This so-called downsizing of galaxy formation was found by Cowie et al. (1996) and confirmed by Kodama et al. (2004) , Heavens et al. (2004) , Treu et al. (2005) , and many others in recent years.
The usual explanation for the downsizing invokes hydrodynamical or radiative processes that regulate star formation, e.g., heating of gas by an active galactic nucleus (De Lucia et al. 2006) . To the extent of our knowledge, there has been no successful attempt to explain the downsizing by gravitational processes alone. However, here it is demonstrated that the downsizing is in fact explainable by gravitational processes alone, using the theory of Press & Schechter (1974) for the bottom-up formation of gravitationally bound objects. We present the definitions and equations in §2, the concept of our explanation in §3, the calculation in §4, and the discussion in §5.
DEFINITIONS AND EQUATIONS
The standard values are assumed for the cosmological parameters: the Hubble constant H 0 = 70 km s −1 Mpc −1 (h = 0.7), the cosmological constant Ω Λ = 0.7, the matter density Ω m = 0.3, and the baryon density Ω b = 0.05 (Spergel et al. 2003) . We accordingly assume a flat universe with a cosmological constant. The scale factor a(t) is normalized to a(t 0 ) = 1 at the present epoch t = t 0 . The position x is in comoving coordinates.
The density field is assumed to be isotropic and homogeneous. We use the mass density ρ(x, t) and its spatial average ρ = 3Ω m H 2 0 /8πG to define the density contrast δ(x, t) as ρ(x, t)/ ρ − 1. Here · denotes an average. The density contrast grows in a self-similar manner so far as the linear theory is valid:
The linear growth factor D(t) is from Heath (1977) :
with the Hubble parameter
The initial density contrast δ(x) is related to its Fourier transformδ(k) as
The initial power spectrum P (k) is
Here k = |k| is the wavenumber,δ(k) * is the complex conjugate ofδ(k), and δ D (x) is Dirac's delta function. Since the initial density field is not only isotropic and homogeneous but also random Gaussian, its statistics are uniquely determined by the initial power spectrum.
The initial power spectrum originates in the scale-invariant Harrison-Zel'dovich spectrum Ck:
We take the transfer function T (k) from the cold dark matter model of Bardeen et al. (1986) :
The normalized wavenumber q is defined using the shape parameter Γ in Sugiyama (1995) :
Then the normalization constant C is set to be 1 × 10 5 on the basis of the root-mean-square linear density contrast smoothed over the radius R M = 8 h −1 Mpc observed for the present epoch, 0.9 (Spergel et al. 2003 ).
The smoothing is based on a top-hat window function: W M (x) = 3/4πR 3 M for |x| ≤ R M and 0 for |x| > R M . Here M is the mass of both baryonic and dark matter, and R M is the corresponding scale:
The Fourier transform of the smoothed density contrast is
HereW M (k) differs from the usual Fourier transform of W M (x) by a factor (2π) 3/2 . The top-hat window function is in accordance with the model for gravitational collapse of a homogeneous sphere used in §3 and §4.
CONCEPT
Our explanation for the downsizing is based on the theory of Press & Schechter (1974) . This turns out to be the simplest theory that explains the downsizing in the framework of bottom-up formation of gravitationally bound objects. Press & Schechter (1974) assumed that, even if gravitationally bound objects have been formed at a scale, the larger scale density field remains linear. Regardless of substructures, the object formation occurs if the linear density contrast smoothed over that region reaches a certain critical value δ c . We are able to study gravitationally bound objects with mass M by smoothing the linear density field over the scale R M . For a given epoch t, the objects lie at the positions where the smoothed linear density contrast D(t)δ M (x) is equal to the critical value δ c .
1 The position with D(t)δ M (x) > δ c belongs to an object with higher mass (see also Bardeen et al. 1986; Sahni & Coles 1995, §3.4) .
The above assumption does not consider whether or not a gravitationally bound object constitutes an object with higher mass at the same epoch. Although this cloud-in-cloud problem is serious to calculating the object mass function at a given epoch (Bardeen et al. 1986; Sahni & Coles 1995, §3.4) , it does not raise a serious situation to our study.
The critical density contrast δ c is taken from gravitational collapse of a homogeneous sphere. In the Einstein-de Sitter universe with Ω m = 1 and Ω Λ = 0, the linear density contrast extrapolated to the epoch for complete collapse is 3(12π)
2/3 /20 ≃ 1.69 (Gunn & Gott 1972 ). This value is used as δ c . The difference from the value in the universe with Ω m = 0.3 and Ω Λ = 0.7 is less than 1% at t ≤ t 0 (Percival 2005) . Figure 1 illustrates the concept of our explanation for the downsizing. That is, a less massive galaxy begins its gravitational evolution at a later epoch. We compare two regions in the initial density field that are destined to evolve into galaxies with different masses M and The gravitational collapse of the subgalactic-scale fluctuation has to be distinguished from that of the galactic-scale fluctuation, i.e., assembly of the galaxy mass. We have defined that the latter occurs at an epoch t for both the two galaxies with different masses M and M ′ . The galactic-scale fluctuation for a less massive galaxy on average collapses at an earlier epoch. Thus, our explanation for the downsizing is in the framework of bottom-up scenario. We also underline that star formation begins within subgalactic structures before the assembly of the galaxy mass (Heavens et al. 2004; De Lucia et al. 2006 ).
CALCULATION
The epoch t f for the formation of subgalactic structures, i.e., gravitational collapse of subgalactic-scale fluctuation, is estimated as a function of galaxy mass M at an epoch t and subgalactic-structure mass M * . We set M = 10 10 , 10 11 , 10 12 , and 10 13 M ⊙ . They span the observed mass range for typical galaxies. We also set M * = 10 8 M ⊙ . Although the first stars are formed in structures with M * ≃ 10 6 M ⊙ , significant star formation begins only after the formation of structures with M * 10 8 M ⊙ (Bromm & Larson 2004; Kitayama & Yoshida 2005) .
The initial density field is smoothed over the scale R M * that corresponds to the mass of subgalactic structures M * . From equations (5) and (10), we have a new power spectrum
Equations (4), (5), (10), and (12) yield the correlations among the galactic-and subgalacticscale fluctuations δ M (x) and δ <M (x)
The correlation δ M δ <M has been ignored in §3 but exists because the window function 2 There is a lag between the gravitational collapse and the star formation. Since the lag is uncertain, we cannot unambiguously determine the epoch for the star formation.
the parameter values used in our calculation. It is also evident that the dependence of the redshift z(t f ) on the galaxy mass M is more significant for the lower galaxy mass. This is because the narrower range of wavenumbers R
M * is removed by the smoothing. The redshifts z(t f ) for the peaks of subgalactic structure formation are close to the redshifts for the peaks of star formation inferred from observations (Heavens et al. 2004; Treu et al. 2005; see also De Lucia et al. 2006) .
DISCUSSION
The downsizing of galaxy formation has been explained by gravitational processes alone, using the theory of Press & Schechter (1974) for the bottom-up formation of gravitationally bound objects. Within a region that is destined to evolve into a less massive galaxy, subgalactic-scale fluctuation is of a smaller amplitude. The formation of subgalactic structures, i.e., gravitational collapse of the subgalactic-scale fluctuation, occurs at a later epoch. Since the gravitational collapse induces star formation, it also occurs at a later epoch for a less massive galaxy, which thereby contains younger stellar populations.
Our explanation might not appear so new because it might appear natural to have an idea that the downsizing is due to later formation of subgalactic structures for a less massive galaxy. Nevertheless, about such an idea for the first time, we have offered a quantitative explanation that is consistent with observations in the framework of bottom-up scenario.
Our explanation is similar to but not the same as that for the biasing, where gravitational collapse of small-scale fluctuation occurs earlier if the large-scale overdensity in that region has a larger amplitude (Bardeen et al. 1986; White et al. 1987) . We have demonstrated that, even if the large-scale overdensity has a given amplitude, its scale affects the epoch for gravitational collapse of small-scale fluctuation.
There remains a possibility that hydrodynamical or radiative processes for star formation are also important to the observed downsizing of galaxy formation. In fact, star formation appears to be completed rapidly in massive galaxies (Heavens et al. 2004) . A detailed study with a numerical simulation incorporating those processes is desirable.
The downsizing is also expected for the formation of clusters of galaxies. Within a region that is destined to evolve into a less massive cluster, galactic-scale fluctuation is of a smaller amplitude. The galaxy formation, i.e., gravitational collapse of the galactic-scale fluctuation, occurs at a later epoch. Hence, less massive clusters are expected to contain younger galaxy populations, even if the other conditions such as the galaxy number density are the same. -Redshift z(t f ) for the onset and peak of subgalactic structure formation. The galaxy mass M at redshift z(t) is 10 10 , 10 11 , 10 12 , or 10 13 M ⊙ . The subgalactic-structure mass M * is 10 8 M ⊙ .
